Abstract
21
systems-level approach will contribute to a more comprehensive understanding of the 22 underlying aging landscape. Here, we integrate evolutionary and functional information 23 of normal aging across human and model organisms at three levels: gene-level,
24
process-level, and network-level. We identify evolutionarily conserved modules of 25 normal aging across diverse taxa, and importantly, we show that proteostasis 26 involvement is conserved in healthy aging. Additionally, we find that mechanisms related 27 to protein quality control network are enriched in 22 age-related genome-wide 28 association studies (GWAS) and are associated to caloric restriction. These results 29 demonstrate that a systems-level approach, combined with evolutionary conservation, 30 allows the detection of candidate aging genes and pathways relevant to human normal 31 aging.
32
in hippocampus function have a significant impact on the memory performances in 141 elderly people (Driscoll et al., 2003) . Thus both tissues are susceptible to aging-related 142 diseases. For human, we used transcriptomes of 361 samples from skeletal muscle 143 tissue and 81 samples from hippocampus from GTEx V6p. For the other species we 144 used diverse publicly available transcriptomic datasets (Table S1 ). The sample sizes for 145 model organisms were variable, from 3 to 6 replicates per time-point. In order to 146 compare samples between young and old age groups, we fitted linear regression models 147 for each dataset. In addition, in the GTEx dataset we controlled for covariates and 148 hidden confounding factors to identify genes whose expression is correlated or anti-149 correlated with chronological age, taking into account all samples (see Methods).
151
We observed uneven distributions of up-and down-regulated genes with aging across 152 different species and datasets ( Figure 1C , Table S2 ), suggesting variable responses to 157 genes, FDR < 0.1). These differences are due in part to the smaller sample size of the 158 mouse skeletal muscle study. We limited our analysis to genes that were expressed in at 159 least one age group, leading to detection of 15-40 % of genes that exhibits age-related 160 gene expression changes. Of note, these changes are often very small, typically less 161 than 1.05 fold in humans and less than 2-fold in animal models.
163
It has been previously reported that there is a small overlap of differentially expressed 
167
Currer and Harrison, 2007). Our clustering shows good consistency across age groups 168 of samples between species, based on one-to-one orthologous genes with significant 169 age variation (FDR < 0.05) (Figure 2A , Figure S2 ). Yet there is a low overlap of one-to-170 one orthologous genes with significant expression change in aging (Table S3) 
173
A. Fushan et al., 2015) . To go beyond this observation, we correlated log-transformed 174 fold change (old/young; or log of  age-related regression coefficient in human) between 175 human and model organisms. We observed weak pairwise correlations (Figure S3) 176 when comparing single genes. This indicates that most transcriptional changes on the 177 gene level are species-specific, and that there is little evolutionary conservation to be 178 found at this level.
180 181
Cross-species integration at the process-level reveals proteostasis-linked age-182
related mechanisms 183
To assess the age-related gene expression changes on a functional level in healthy 
205
We aggregated processes on the functional level across four species using evolutionary 206 information to observe common age-related mechanisms rather than tissue-specific 207 mechanisms. We integrated differential expression analysis from each species, as (Table S4 ). We examined their biological relevance using
211
Gene Ontology enrichment analysis (GEA) based on human annotation ( Figure 2B ). We 212 did not take into account whether the processes that are shared across species are 213 regulated in the same direction, but rather whether they are consistently perturbed 214 during aging.
216
We obtained 100 significant GO terms (FDR < 0.05) related to biological processes, and 217 aggregated them into broader GO categories. While our species-specific analysis mostly
218
shows tissue-specific pathways, we found that terms with an evolutionarily conserved Table S5 ). We also confirmed previously known evolutionarily 224 conserved age-related pathways, such as cellular respiration and immune response.
225
Integrating caloric restriction datasets across the four species showed enrichments in 226 similar processes ( Figure 2B ).
228
While most of the shared processes have been previously linked to aging, we focused 229 on proteostasis and related processes. To characterize in more detail the specificity of 230 proteostasis-linked processes, we investigated their enrichment strength in the large 231 human GTEx dataset ( Figure 2C ). Since proteostasis perturbation is detected both 232 through the GO domains of cellular localization and of biological process, we 233 investigated these two domains, and obtained similar enrichments for both skeletal 234 muscle ( Figure 2C ), and in hippocampus ( Figure S6 , Table S6 
247
The direction of the changes in conserved proteostasis processes in humans is 248 consistent with a relation between loss of proteostasis and healthy aging (Figure 3 ).
249
Although macroautophagy did not show a strong enrichment score in the Figure Table S7 ).
257
Functional characterization of cross-species age-related network identifies 258
candidate genes related to healthy aging 259
To characterize age-related processes at a systems-level and to prioritize conserved 260 marker genes associated with normal aging, we constructed probabilistic networks.
261
These were based on prioritization of co-expression links between conserved age-262 related genes across four species. These genes became nodes in the multi-species 
267
Our integrative network analysis initially identified 20 and 14 modules for skeletal muscle 268 and hippocampus, respectively. We randomized our networks 100 times based on the 
278
confirming the existence of a conserved modular system. Second, it detected conserved 279 marker genes affected during aging, discussed below.
281
To determine which of the conserved aging-associated modules are related to the main 
314
To further characterize these modules, we studied how conserved modular genes 
332
Other modules also show links to metabolism and to proteostasis. For example muscle 
342
PSMD3 genes are related to the proteasome complex and are connected to hub genes.
344
We combined this hub gene analysis with GWAS association gene scores, and 345 observed that PSMB5, UBE2L3, and PSMD3 ( Figure 5C , Table S9) Figure 5D ). This differential expression is consistent with a causal role in 354 these age related diseases, given the attenuating effect of caloric restriction on aging.
356
Validation of marker genes using independent mouse studies 357
We analyzed the association of the expression levels of candidate genes with lifespan in 
360
We observed an inverse correlation between transcript levels of PSMB5 ( Figure 5E 
368

Discussion
369
The challenge of detecting underlying mechanisms of healthy aging that are 370 evolutionarily conserved is thought to be a key impediment for understanding human 371 aging biology (Fontana et al., 2010) . In this work, we coupled evolutionary and functional 372 information of healthy aging gene expression studies to identify conserved age-related 373 systems-level changes. We identified conserved functional modules by integration of co-374 expression networks, and we prioritized genes highlighted by GWAS of age-related 375 diseases and traits. The observations on several functional levels allowed us to highlight 376 the role of proteostasis, which includes all processes related to protein quality control 377 network, as a strong core process associated with normal aging.
379
Previous observations restricted to a small number of evolutionarily conserved genes 380 with large effects in aging, or in age-related diseases, provided some evidence that 
408
An advantage of our approach is that it allows us to detect with good confidence 409 processes whose changes in aging are quite subtle. This is important because healthy 410 aging is not a dramatic process, akin to embryonic development or cancer, but a gradual 
422
More broadly, our results strengthen the case for further investigation into the molecular 
442
The main evolutionarily conserved gene candidates from proteostasis, PSMB5 and 
455
The association with caloric restriction studies strengthens the functional contribution to 456 aging of the processes we identified. We observed that the gene-set signals were both 
477
In summary, the large-scale, comprehensive gene expression characterization in our 478 study provides insights in underlying evolutionarily conserved mechanisms in normal 479 aging. While metabolic and certain tissue-specific pathways play a crucial role in aging,
480
processes affecting the protein quality control network also show very consistent signal.
481
Using both evolutionary and functional information, we detected conserved functional 482 modules that allowed us to identify core proteostasis-related genes. These genes were 483 implicated as important hits in age-related GWAS studies (Gomes, 2013) . Together, the (Table S1 ). In 
549
680
Identification of age-related differentially expressed genes. To be able to obtain 681 differentially expressed genes from different experiments that were normalized, we had 
695
Caloric restriction datasets microarray analysis. The GEO database was used to 696 download caloric restriction datasets (Table S1 ). Only muscle tissue was available in H.
697
sapiens, therefore we selected correspondingly muscle tissue in mouse, but whole body 698 in fly and worm. The datasets were normalized using RMA normalization algorithm 699 (Irizarry et al., 2003) (Table S1 ). In case of multiple probes mapping to the genes on the 700 array, the average of the probes was taken in further analysis. The annotation was used 701 from Ensembl release 91. To call differentially expressed genes, we used limma 702 between caloric restriction and control samples. The statistical significance of putatively 703 age-dependent genes was determined with a false discovery rate (FDR) of 5%.
705
Age group alignments between species. For deriving one-to-one orthologs, human 706 genes were mapped to the homologs in the respective species using biomaRt v2.34.2.
707
After detection of significant age-associated differentially expressed genes, we 708 overlapped one-to-one orthologous genes between the species in order to observe the 709 consistency of age groups between species. We took the limma voom corrected 
720
No cutoff for fold change was used.
722
Constructing homologous quadruplets and enrichment analysis. We downloaded 738 739
741
where is species-specific gene P value from differential expression analysis within a
742
OG.
744
We 
759
'lysosome' and others.
760
To perform the randomizations, we selected random genes from the differential 
768
Prioritization of OG gene pairs in multi-species co-expression network. 
791
This method assigns a P value to each co-expression link in an aggregated list,
792
indicating how much better it is ranked compared to the null model (random ordering).
793
This yielded networks with 2887 and 3353 significant gene-pairs (edges) (P value < 794 0.001) for skeletal muscle and hippocampus, respectively.
795
To confirm that the integrated age-related multi-species networks are significant, we 796 selected randomly collected genes from each species. The numbers of selected genes
797
was the same as in the OGs. We then formed the quadruplets and performed the same 798 integration analysis as before. We repeated the procedure 100 times, and obtained 100 799 randomly integrated multi-species networks ( Figure S7 ). In both cases, random and 800 original analysis, the annotation was based on human.
802
Clustering the integrated cross-species network. In order to identify aging- 
811
The modules within the cross-species networks of each tissue were obtained by using a 
818
connectivity using a circular layout. We selected the modules with size greater than 10,
819
which returned 12 modules per tissue-specific cross-species network. We checked the 820 functional enrichment of genes within selected modules in every network using Gene
821
Ontology through topGO R package (See Figure 4) .
822
Moreover, we downloaded the pre-calculated file of gene-level summary statistics from 823 37 GWASs from the Pascal method 
841
Williams using animals with the average age of 78 days (GN Accession: GN283).
842
Microarray data from hippocampus of BXD mice was generated by Dr. Gerd 
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The authors declare that they have no conflict of interest.
857
Acknowledgments
858
We thank Natasha Glover for help with the OMA database. MAP1A   ACTR3B   KIF21B   PSMD3   AGAP2   PACSIN1   MAPRE3   PDK2   SLC25A23   VCP   EPHA6   CNIH3   PSMB5   ATP2B2   VPS18   CACNA1B   MRPL4   GOT2  PSMD6  PSMD8  PSMD1  TXNL1  USP14  PPP3CB  ITFG1  PSMD11  KIF5B  PSMA7  PSMA3  KLC1  DNM1L  PSMD14  PSMB2  CPA3  PSMA1  PSMB5  KIAA0368  PSMD12  ATP6V0A1  PSMD3  UBE2L3  PSMA5   R  h hub gene neighbour gene
